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Abstract 
Conversion of energy stored in renewable fuels for sustained and environment friendly 
operation necessitates new technologies. Polymer electrolyte membrane fuel cells represent 
an energy conversion technology that has advantages of high operating efficiencies with low 
hazardous emissions. However the discovery of more active and poison tolerant catalysts for 
anode and cathode reactions remains a major barrier to commercialization of this technology. 
The search for improved catalyst formulations is hindered by the massive parameter space 
available for their construction. Combinatorial methods represent an exploration process well 
suited to accelerate this discovery through the ability to generate and screen a multitude of 
compositions in a single experiment. 
In this work, we describe a combinatorial strategy to generate a wide variety of 
catalyst compositions (single /binary) and interrogate their activity directly in an 
electrochemical environment. Catalyst library fabrication tools based upon array deposition 
methods were used to prepare samples possessing catalyst combinations containing Pt and 
additional metals such as Ru, Rh, Mo, Ir, Nb, Ta, Pd, Sn, Os and W. High throughput 
screening of catalytic activity was accomplished by scanning electrochemical microscopy 
(SECM). Reactivity maps were constructed by directly measuring the kinetics of hydrogen 
oxidation with a scanning microelectrode probe in the presence and absence of adsorbed 
carbon monoxide. Results provide quantitative rate constants for hydrogen oxidation and 
poison tolerance over a broad sampling of catalyst compositions. 
Chapter 1 Introduction 
General Introduction 
The index of a nation's development can be gauged by its energy consumption. Primary 
energy available in conventional forms such as coal, lignite, fuel oil, natural gas and 
radioactive substances is routinely converted to useful electrical, mechanical or heat energy 
to meet the needs of modem society1• To date, most of the world's energy supply comes 
from finite fossil and nuclear reserves2. However, some of the basic concerns that arise from 
dependence on such traditional sources are, 
a. they are non-renewable. 
b. they pollute the environment to a considerable extent causing health hazards and 
climatic changes3• 
1 
Air pollution, global warming, chemical waste management and water scarcity are 
some of the well known issues that are still to be addressed with the current state of our 
energy technology3. The decreasing supply of earth's fossil/ nuclear inventory combined with 
the adverse impact of current energy technology on the environment urgently necessitates an 
energy shift 4 . 
Fuel Cells 
A wide variety of research efforts have been undertaken in the past decades in 
exploring alternative energy sources and in improving their energy conversion technologies. 
Hydrogen and other biomass derived materials such as methanol and ethanol hold promise as 
an energy-carrier for the future5. With the promise of such fuels, there exists a need for an 
efficient energy conversion technology to convert the precious primary energy (stored in 
hydrogen and other organics such as methanol) into useful work6• 7 . 
2 
Fuel cells symbolize this energy conversion technology with the advantages of zero 
hazardous emission (completely environment-friendly operation), simple cell design and high 
theoretical cell efficiency8. In broad terms, a fuel cell can be defined as an electrochemical 
device which converts the chemical energy of the reactants (hydrogen or methanol in this 
case) into low voltage D.C electricity. 
First built in 1839 by Sir William Robert Grove9, fuel cells have evolved considerably 
and find applications in both stationary and mobile systems 10• The first fuel cell product was 
introduced by Francis T. Bacon in 1959, when a forklift truck was powered by a fuel cell 
with 5 kW power output 11 . In the same year a fuel cell powered tractor with an output of 15 
kW was introduced by Allis-Chalmers Mfg 11 . Building on Bacon's technology, Union 
Technologies (UTC) produced fuel cells for the Apollo Lunar Space Missions 12, where fuel 
cells served for powering on-board applications. Later in 1959, General Electric Corporation 
designed fuel cells for the Gemini Space applications 13• 14. In the 1980' s fuel cells powered 
the submarines for US navy15' 16• Prototypes of fuel cell powered cars and buses have already 
been introduced by various leading car manufacturers 17-20 . Fuel cells also compete with 
batteries to find applications in portable systems like laptops, camcorders and mobile 
phones21. 
3 
PEMFC 
Polymer Electrolyte Membrane Fuel Cells (PEMFC) operate at less then 100 ° C with a solid 
proton exchanging polymer electrolyte22. This fuel cell system is the focus of this thesis. 
The working of an ideal PEM fuel cell is shown in Figure 1.1. As illustrated, 
hydrogen is fed as a fuel to the anode where it gets oxidized on the anodic surface to form 
protons and electrons. The protons generated at the anode flow towards the cathode through a 
solid polymer electrolyte (e.g. Nation) and the electrons through an outer electric circuit.23 
Anode: ----- ( 1.1) E0 anode = 0 V: 
Oxygen (supplied as oxidant) to the cathode gets reduced with the protons and 
electrons on the cathodic surface to form water (the final product of a fuel cell reaction). 
Cathode: o2 + 4H+ + 4e -~ 2H 2o ----- (1.2) E0cathode = 1.23 V: 
Electron flow through an outer circuit from the anode to cathode results in current and the 
energy difference per unit charge due to this flow of electron results in voltage. The product 
of current and voltage is the power delivered to the circuit. The theoretical cell voltage that 
can be derived from a single ideal cell equals 1.23 V. 
Overall Cell Reaction: 2H + 0 ~2H 0 ----- (1.3) 
2 2 2 E cell= 1.23 V 
4 
PEMFC Challenges 
Although fuel cells remain an attractive technology for power generation, high costs due to 
fuel cell design and large scale assembly, challenge commercialization of fuel cells. 
Predominantly efforts are being made to reduce the cost involved in their fabricat ion. To date, 
Pt is the most active and efficient catalyst identified, that catalyzes both hydrogen oxidation 
as well as oxygen reduction reaction. Due to high cost of the Pt catalyst, the Pt loading in a 
fuel cell has to be reduced as increased Pt loading enhances fuel cell cost. Additionally, Pt is 
also highly susceptible to traces of poisons present along with the fuels . These poisons 
adsorb strongly on Pt surface and completely block the catalytic reaction at the anode surface 
and reduce the potential realized from the electrodes. The theoretical voltage of l .23V is 
never obtained from a single cell and much lower values are obtained due to this catalyst 
poisoning which further enhances the required Pt loading for fuel cell operation and hence 
eventually the fuel cell cost. 
The reduction in voltage generated due to losses of potential at the anode and cathode 
can be termed as overpotential. A nearly 50% increase in the cost of a fuel cell comes from 
this overpotential loss at the cathode and anode24' 25 The overpotential losses also contribute 
to a majority of the power loss in a fuel cell. 
Apart from overpotential losses, other variety of losses such as ohmic losses, mass 
transport losses, losses due to fuel cross over and activation losses, also contribute to 
decreased voltage generation8. The overall cell potential with overpotential losses across the 
cell is given by the equation, 
E cell = (E0 cathode+ T/ cathode) - (E0 anode+ T/ anode) - IRs ----- (1.4) 
5 
where, E cell is the overall cell potential, E0cathode and E0anode are the thermodynamic potentials 
at the cathode and anode, and YJ cathode and YJ anode are the overpotential losses at the cathode 
and anode. IRs accounts for ohmic losses in the cell. 
For pure hydrogen fuel, the current state-of-the-art PEM fuel cells can generate 
potentials of< 0.6V which is less than half the thermodynamic value of 1.23V21 • 26• 27 • This 
reduced potential realized at the cell is due to a loss of - 0.5V at the cathode and -0.1 Vat the 
anode. At a current density of 1 Acm·2 on a platinum surface, the state of the art fuel cell can 
thus generate power densities of up to 0.6 Wcm·2 (0.6 V * 1 Acm-2). With a platinum loading 
of 0.8 mgcm·2 and with the cost of the platinum at approximately 18,000$ per kg, the catalyst 
cost alone for unit kW power generated would be $24/kW (= 0.8 mgcm·2 I 0.6 Wcm·2 *18000 
$/ kg) which is much higher than the target value of $7.2 per kW. For commercial 
applications, the total catalyst loading should be brought down to less than 0.4 g per kW, 
which requires a reduction in catalyst loading from a current value of 0.8 mgcm·2 to less than 
0.24 mgcm-2. 
The case illustrated above is valid only when pure hydrogen is used as a fuel. 
However, due to problems of storage, safety and cost associated with pure hydrogen, 
reformed hydrogen with on-board reformers is used as the fuel. Carbon monoxide (CO) 
comes as an unavoidable impurity with steam reformed hydrogen. Partial oxidation of other 
organic fuels such as methanol and ethanol also results in CO production, which severely 
impedes the performance of the anode catalyst in a fuel cell. CO completely poisons the 
platinum catalyst at the anode and increases the anodic overpotential enormously. CO 
concentration of 10 ppm is sufficient to deactivate a platinum catalyst at the anode 15• 28 • At 
100 ppm of CO, the cell potential is drastically reduced to 0.2 V, increasing the catalyst cost 
6 
to nearly $168/kW28 . The power density is also severely reduced to 0.06 Wcm-2 for a current 
density of 0.6 Acm-2• Figure 1.2 summarizes the effect of catalyst loading in the absence and 
presence of CO. The target cell voltage for a commercial fuel cell remains at 0.9 V with a 
catalyst loading of 0.25 mgcm-2 at a catalyst cost of $7.2/kW18• 21 • This target was set for a 50 
kW fuel cell to be applied in automotive applications with an energy efficiency of 48%, when 
working at full power. 
Motivation and Objectives 
Two facts clearly emerge from the above discussion and from the illustration in Figure 
1.2. CO severely poisons the platinum catalyst and immensely reduces the cell potential 
realized at the anode. CO poisoning also results in increased platinum loading at the anode. 
Considering the significant cost of platinum, both platinum loading and poisoning of carbon 
monoxide on platinum have to be reduced for fuel cells to be commercially viable. A wide 
variety of approaches have been put forth to improve this limitation at the anodic platinum 
surface. Addition of additional metals to platinum, leading to a binary alloy has been one of 
the successful approaches to solve the problem of catalyst poisoning. For example ruthenium 
and molybdenum have been alloyed with platinum to show improved tolerance towards CO 
than pure platinum29. However, there are a number of such metallic elements in the periodic 
table that can be alloyed with platinum and investigated for hydrogen oxidation, which may 
provide improved tolerance to CO than pure platinum. Thus the search for improved catalyst 
formulations is hindered by the massive parameter space available for their construction. 
Combinatorial methods represent an exploration process well suited to accelerate this 
discovery through the ability to generate and screen a variety of metallic compositions in a 
single experiment30. In simple terms, large arrays of different elements/compositions can be 
synthesized on a single substrate and subjected to a rapid screening to quickly identify 
candidates of interest. This combinatorial routine immensely accelerates the discovery 
process and helps to identify and compare different catalytic systems efficiently. 
7 
This thesis will thus focus to develop a combinatorial procedure for accelerated discovery 
ofH2 and H2/CO oxidation catalysts. In working towards such a goal, we plan to examine H2 
oxidation kinetics for large sets of pure and binary catalysts and interrogate their reactivity 
directly in a CO environment. 
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Figure 1.1: A schematic representation of a proton exchange membrane fuel cell. 
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Figure 1.2: A Schematic plot of Current density Vs Catalyst loading for the state of the 
art Polymer Electrolyte Membrane Fuel Cell (PEMFC) 37 • Data adapted from reference 
# 37. 
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Chapter 2 Background and Literature Review 
Hydrogen Oxidation 
Hydrogen oxidation reaction (HOR) on platinum surface is a model electro-catalytic reaction 
for fundamental electrochemical studies1-16. As one of the most extensively studied surface-
science reaction system, HOR finds relevance in various applications such as metal-hydride 
batteries, H-induced corrosion, H adsorption at and absorption into host metals1• HOR has 
received considerable attention of late because of its importance in the anodic fuel cell 
reaction. H2 oxidation on platinum is a fast kinetic process. It proceeds through initial 
adsorption of molecular hydrogen by either slow dissociation ofH2 molecules into atoms 
(reaction (2.1 ), below) or by dissociation of H2 into an ion and atom (reaction (2.2), below) 
followed by a charge-transfer step (reaction (2.3)) 17• 18. 
H2 
kd. lSS 2H(a) ----- (2.1) 
H2 
kd . !SS H(a)+H+ +e-
----- (2.2) 
k 
oxi-des H + +e-H(a) ----- (2.3) 
In the above equations, H (a) represents atomic hydrogen that is chemisorbed to 
platinum surface, and kdiss and koxi-des represent the rate constants for reactions (2.1) and (2.3). 
Reactions (2.1) and (2.3) are most commonly referred to as Tafel-Volmer sequence and 
reactions (2.2) and (2.3) as Heyrovsky-Volmer sequence. Tafel I Heyrovsky step (reaction 
(2.1) or reaction (2.2)) is the rate determining step for the given reaction sequence. Figure 
2.1 gives a schematic of reactions (2.1 )-(2.3) on a platinum surface. 
12 
HOR has been investigated by a variety of electrochemical methods including cyclic 
voltammetry19-22, rotating disk voltammetry7' 23-27, steady-state experiments with intensive 
bubbling ofhydrogen28• 29 and scanning electrochemical microscopy11 ' 17• For example, 
active surface area of platinum has been determined by cyclic voltammetry19 and accurate 
rate constant estimations for different metallic elements have been made possible using 
scanning electrochemical microscopy3°. 
Due to the problems of storage, safety and requirement of large scale infra-structure 
in handling pure hydrogen, (both portable and vehicular applications), synthetic hydrogen-
rich gas mixture from reforming ofliquid hydrocarbons is utilized as a fuel31 • 32 . CO is an 
unavoidable impurity in such fuels. This CO present in trace quantities strongly adsorbs on 
the platinum surface and completely suppresses any free platinum sites available for 
hydrogen oxidation. The anodic overpotential of platinum shoots from nearly 0 V to 0.8 Vin 
the presence of carbon-monoxide31 . A 10 ppm of CO is sufficient to deactivate an active 
platinum surface33-35 . Figure 2.2 provides a schematic of the CO poisoning on Pt, where CO 
provides complete mono layer coverage to platinum leading to blocking of HOR at its surface. 
CO Poisoning 
The chemistry of CO adsorption on platinum has also been a subject of extensive research as 
CO is a model adsorbate for many surface science studies36-89 .Numerous electrochemical and 
analytical techniques52• 90- 102 have been utilized to study the structure of the CO ad layer and 
the mechanism of CO adsorption on platinum. Extensive insights into such mechanisms have 
13 
indicated that CO desorption on platinum can be improved by the addition of an oxophilic 
(oxygen-liking) element to platinum. According to the bifunctional mechanism103, the second 
metal added alongside with platinum dissociates water at much lower potentials than 
platinum, thus forming surface oxides/hydroxides. These adsorbed oxides/hydroxides then 
react with the CO adlayer on platinum to liberate free platinum sites for HOR. Figure 2.3 
and the reaction sequence below lists the steps involved in CO oxidation on a binary metallic 
surface (i.e. when Pt is present along with a secondary metal (M surf) which has strong 
affinity for oxygen)104. 
CO+ Ptsurf ~PtsU1fCO ----- (2.4) 
H 2o + M sU1f ~ M sU1fOH + H+ + e - ----- (2.5) 
M JOH + PtsurfCO~Pt f + M f + C02 + H+ + e- ----- (2 .6) sur sur sur 
The oxophilic secondary metal which adsorbs and dissociates water with ease, helps in 
the removal of CO adlayer from platinum. Density functional theory calculations 105 and 
. 1 d ' 106 h d h . h . F 1 h . 19 101-132h expenmenta stu 1es ave supporte t 1s mec amsm. or examp e, rut emum · as a 
strong affinity for oxygen and when added alongside with platinum aids in removal of CO 
layer at much lower potentials. CO strips from a 50-50% Pt-Ru compositions at - 0.5 V as 
compared to 0.8 V for pure platinum 104. This remarkable improvement in poison-tolerance 
provides a sustainable hydrogen oxidation rate on the catalytic surface, resulting in increased 
operating efficiencies for fuel cells. 
14 
Bimetallics 
Our investigation into the periodic table of elements and their properties have revealed other 
promising metallic elements which when added with platinum will help in CO removal at 
much lower potentials than Pt. Two criteria were used in the search for such promising 
metallic elements. 
1. The metal should have strong affinity for oxygen which is essential for metal-oxide 
formation. (This can be suggested from Metal-Oxygen bond energies) 133• 
2. The metal-oxide formed should be stable at operating potential regimes. (Potential-
pH diagrams will show the stability of the oxides at various potential regions) 134. 
Figure 2.4, Table 2.5 and Figure 2.6 illustrate the metal-oxygen bond energies, the metal-
oxide formation potentials and the potential-pH diagrams of promising metallic elements that 
can be alloyed with platinum. 
From these figures , it can be inferred that unlike platinum which has relatively low 
metal-oxygen bond energy with very high oxide formation potential along with an unstable 
oxide layer in the operating pH region, other metallic elements such as Ru, Mo, Rh, W, Ta, 
Nb, Sn, Os, Ir and Pd have very high metal-oxygen bond energies and the metal oxides 
formed (oxides I hydroxides) are stable layers at lower pH regimes. These metallic elements 
when alloyed with platinum thus show promise of improved CO tolerance and can be 
potential catalysts for fuel cells. In our research efforts, we have investigated all the pure 
metals (M) and their binary compositions with platinum (Pt50M50) for both HOR and CO 
tolerance. M=Ru, Mo, Rh, W, Ta, Nb, Sn, Os, Ir, Pd, Pt. 
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Given the large number of such binary compositions that have to be addressed and 
investigated for hydrogen and CO reactivity, sequential testing of individual catalyst 
materials (one-by-one at a time) is an unfeasible and time-consuming process. As discussed 
in Chapter 1, such sequential discovery routines demand substantial research spending and 
delay the discovery process considerably. 
Alternatively, parallel synthesis and analysis of various compositions in a single 
experiment accelerates the discovery process and aids in rapid identification of promising 
candidate materials for a given reaction. "Combinatorial discovery" is one such methodology, 
where a large set of diverse material libraries are prepared and processed simultaneously and 
evaluated for reactivity in a high throughput fashion. 
Combinatorial catalysis 
Combinatorial methods were first applied in biological systems 135 to identify new peptide 
and nucleotide molecules 136- 139• Today, they find applications in a wide variety of systems 
apart from drug discovery programs140• 141 . Combinatorial methodology is used to identify 
novel materials for superconductors 142' 143, new magneto-resistant materials 144, dielectric and 
r I · · l 145 d I · · l 145 146 y . . 141 1erroe ectnc matena s an ummescent matena s · . anous orgamc , organo-
metallic 148 and polymer mateials 145 have been synthesized and characterized using 
combinatorial techrliques. Numerous sets of homogenous and heterogeneous catalyst 
libraries 145• 149- 157 have been investigated for various reactions using combinatorial 
methodologies. Current research efforts are devoted to investigate prospective electrocatalyst 
materials for fuel cell reactions using combinatorial techrliques. 
16 
Combinatorial Electrocatalysis 
The first successful discovery of electrocatalytic materials utilizing combinatorial chemistry 
was reported for direct oxidation of methanol, when a library of 645 different catalyst 
materials with various combinations of Pt, Ru, Os and Ir was synthesized on a single carbon 
substrate and screened for methanol reactivity using an optical detection method158. 
Catalytically active spots produced fluorescence, due to the evolution of protons during 
methanol oxidation. A ternary mixture of Pt44Rl410s10Ir5 was proposed as an optimal catalyst. 
Further, 64 individually addressable electrode assemblies with binary and ternary 
compositions of Pt with Ru, W, Co and Ni 159were fabricated on a 3"quartz wafer and tested 
for methanol reactivity using anodic potential sweep and chronoamperometric potential step 
techniques. Another 64 electrode array assembly with multiple loadings of platinum on 
carbon.was investigated for carbon monoxide oxidation using fast-scan cyclic 
voltammograms160. Recently, binary and ternary compositions of Pd, Au, Ag and Co were 
deposited as arrays on glassy carbon substrate and studied for oxygen reduction reactivity161 . 
An extensive review on electrocatalyst studies can be found in reference # 104. 
Combinatorial Catalysis: Methodology 
Four fundamental steps are involved in a combinatorial methodology154 . They include, 
1. Catalyst design } Sample preparation 2. Library fabrication 
3. High throughput testing } 
Testing and analysis 
4. Data mining. 
17 
Figure 2. 7 illustrates the workflow in a combinatorial discovery process. Successful 
combinatorial application involves development of two fundamental aspects in their 
workflow. They are, 
1. Developing procedures to create spatially addressable catalyst libraries -
"Develop library synthesis methods" 
2. Developing analytical tools to simultaneously detect and evaluate reactivity of the 
catalyst spots in a given library - "Develop library screening techniques." 
A brief review on combinatorial synthesis methods and screening techniques specific to 
electrocatalyst systems is listed below. 
Combinatorial Library Synthesis 
Synthesis of electrocatalyst libraries can be performed either by a thin-film based deposition 
method or a solution based deposition method. Thin-film based deposition methods are 
11 d . . h d 159 162 h h . d 1 . . usua y vapor epos1t10n met o s ' , w ere t e reqmre cata yst compos1tions are sputter 
coated or in some cases vapor deposited onto a physically masked patterned substrate under 
high vacuum conditions. 
Solution-based deposition methods generate solid state libraries using co-precipitation 
or impregnation of catalyst materials from their precursor solutions 156-158• 160• 161 . Minimal 
scalar problems, reduced cost and smooth automation procedures have led to preparation of 
most commercial catalysts using solution-based techniques154. Our focus in this thesis is 
restricted to developing a solution-based procedure for generation of electro-catalytic 
libraries for H2 oxidation and CO oxidation reactions. 
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Gradient and array based samples can be generated by solution/vapor deposition 
methods104. Gradient samples usually possess a continuous variation in catalyst composition 
and array samples consist of discrete catalyst spots in a geometrical fashion. Current research 
efforts on combinatorial electrocatalysis primarily involve array based samples prepared by 
solution deposition methods. In most cases, premixed metal salt precursor solutions are either 
directly dosed into miniature wells163, printed onto a carbon paper156-158 or dispensed onto a 
conductive substrate161 and then reduced using a chemical reducing agent or 
electrochemically to generate discrete arrays of necessary metal compositions. 
In our research efforts, we have developed a solution-based synthesis methodology to 
generate binary (50-50) compositions of various metallic elements on a single substrate. 
Metal salt precursors of the binary metallic elements were added using some novel synthesis 
strategies to generate spatially addressable array libraries. Each substrate possessed up to 25 
different catalyst spots. Details of the steps involved in library fabrication are given in 
Chapter 5. 
Combinatorial Library Screening Tools 
The search for novel electrocatalyst materials is not limited by the synthesis procedures, but 
by the lack of methods that can simultaneously screen multiple compositions. High-
throughput analytical techniques such as Infrared thermography (IR.)163, Laser Induced 
Fluorescence Imaging (LIFI), Fourier Transformed Infra Red Imaging (FTIR), Resonance 
Enhanced Multi-photon Initiation (REMPI), Capillary Electrophoresis, Photo-thermal 
Deflection (PTD) have been used to study various homogenous and heterogeneous catalytic 
reactions154. Scanning Differential Mass Spectrometry (SDEMS) 164 and Optical Fluorescent 
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detection technique158 are some of the established analytical tools to perform high throughput 
screening on electrocatalyst libraries. Methanol oxidation studies on combinatorial 
electrocatalytic systems have been performed by the optical detection technique156-158. The 
technique was also utilized to study catalysts for the oxygen reduction reaction165• 166. 
SDEMS was used for methanol reactivity studies on binary PtxRuy libraries164' 167. Currently 
very few analytical tools exist to screen electrocatalyst libraries. Further, these techniques 
suffer from limitations of producing quality reactivity maps and in the measurement of 
kinetic parameters over a broad sampling of catalyst compositions104• Clearly, advancement 
of combinatorial electrocatalysis necessitates development of rapid screening electrochemical 
tools to characterize electro-oxidation reaction systems. 
Rotating disk methods are limited by their inability to access high rate constants, due 
to onset of turbulent flow at rotation rates in excess of 10000 rpm 7' 18• 27• 168. Further, in order 
for these techniques to be utilized in the characterization of a combinatorial sample, 
individually addressable catalyst spots in a combinatorial library are required 159. Such sample 
design involves a very careful layout of the catalyst compositions (to prevent mixing/cross 
over between adjacent spots) and complex fabrication procedures. 
On the other hand, Scanning Electrochemical Microscopy (SECM) demands a simple 
cell design of spatially addressable libraries. This technique offers advantages of kinetic 
measurements over spatial positions and quantitative rate constant estimations for a given 
active spot in an array169 . Such reaction parameter information for specific composition will 
invaluably facilitate in establishing catalyst materials for fuel cell reactions. 
In our research efforts, we have utilized SECM as a high throughput screening 
technique to construct reactivity maps for HOR in the presence and absence of a CO adlayer. 
Quantitative rate constant measurement for a highly dense composition library has 
been made possible using this technique. Reactivity maps were constructed by directly 
measuring the kinetics of HOR with a scanning microelectrode probe in the presence and 
absence of adsorbed CO. Chapter 3 describes the working, principle and the theory behind 
the operation of SECM in detail. 
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Platinum 
Figure 2.1: A schematic of Hydrogen oxidation mechanism on platinum surface. 
co 
Figure 2.2: A schematic of Hydrogen oxidation and Carbon monoxide deactivation on 
platinum surface. 
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M = Ru , oxophilic metals. 
Figure 2.3: A schematic of carbon monoxide oxidation on a bifunctional metallic 
surface. 
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Table 2.5: Metal - Oxide formation potentials for various metallic elements 
Metals E (V) 
Ta -0.750 
Nb -0.733 
w -0.119 
Sn -0.106 
Mo -0.072 
Ru 0.738 
Rh 0.830 
Pt 0.980 
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Figure 2.6: Potential- pH diagram for various metals at room temperature. 
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Chapter 3 Scanning Electrochemical Microscopy (SECM) 
SECM principle 
The scanning electrochemical microscope uses an ultramicroelectrode tip in an 
electrochemical cell arrangement to characterize substrates of interest. In typical SECM 
measurements, the tip is positioned very close to the substrate surface and the reactivity at the 
substrate is measured in terms of electrochemical current response at the tip. The tip is a disc 
shaped metallic conductor (typically platinum or gold wire) of micron order diameters (lOµm 
or 25µm) enclosed in an insulating glass sheath 1• In order to thoroughly understand the 
operation of a SECM, it is first useful to review the electrochemical behavior of the tip2. 
Electrochemical behavior of the ultramicroelectrode 
Let us assume that the tip is immersed in a solution containing a reducible species 
" O" at a concentration c0 whose diffusion coefficient is D0 , with the tip held sufficiently far 
away from the substrate (for instance, the distance between the tip and the substrate can be 
more than five times the disk diameter of the tip). 
When a potential sufficiently negative of the standard potential for the reaction 
"O + ne - -----+ R" is applied to the tip, reduction of species 0 to R occurs at the tip. This 
reduction happens at a diffusion-limited rate on the tip with the formation of a hemispherical 
diffusion layer of species 0 around the tip3. The current that flows through the tip quickly 
attains a steady-state value due to the constant diffusive flux of species 0 from the bulk 
solution to the tip. The current at the microelectrode attains this steady state in a relatively 
short span of time (- a2/D0 ) 1. A 1 Oµm diameter gold electrode will attain steady state in 
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1.7µs4. This steady current that represents diffusion limited reduction (constant) of species 0 
at the tip can be given by a mathematical expression, 
----- (3 .1) 
where, i1,00 is the steady state current, n is the number of electrons involved in the reaction, F 
is the Faradic constant and a is the radius of the tip. Therefore at distances far away from the 
substrate, the reaction is (mass-transfer controlled) diffusion-limited with the diffusion 
following a hemispherical profile. Figure 3.1 gives a schematic of this steady-state reaction at 
the tip. This non-zero, steady-state, diffusion-limited current thus gives a baseline from 
which current perturbations can be measured. 
Feedback behavior 
When the diffusion limited tip is brought within few disk diameters from the substrate 
surface, the hemispherical diffusion layer is perturbed causing a change in tip current. It is 
this perturbation in tip current, which constitutes SECM response5. Further, since the 
response time associated with the microelectrode is very small 1 (since the tip attains steady-
state in few microseconds), the tip responds rapidly to changes in the interface and thus can 
be used for investigating even fast electron transfer reactions. There are two possibilities of 
perturbations leading to a SECM response. 
1. When the diffusion limited tip is brought close to an insulating (inactive) substrate, 
the steady state tip current decreases as the tip moves closer to the substrate. This 
drop in current value with decreasing separation distance is due to partial blocking of 
the diffusion of species 0 to the tip. When the separation between the tip and 
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substrate surface approaches zero, the tip current becomes negligible due to complete 
blocking of the diffusion of species 0 to the substrate. This effect is termed as 
Negative Feedback6. 
2. However, when the tip is brought close to an active surface, (i.e., a surface which is at 
a potential where the reverse reduction reaction: "R ~ O + ne- "occurs), the tip 
current will increase as the separation decreases. This is because there is an additional 
flux of regenerated species 0 from the surface back to the tip in addition to the steady 
state flux of species 0 to the tip from the solution. This increase in tip current, when 
the tip approaches an active substrate is called Positive Feedback6. 
Figure 3.2 gives a schematic feedback behavior of the SECM tip at a catalytically active and 
inactive substrate. 
Application to Hydrogen Oxidation Reaction (HOR) 
Hydrogen oxidation reactivity on various catalyst substrates can be evaluated with the SECM 
tip using the above principles4' 7•11 . Figure 3.3 shows the cyclic voltammogram of a 25µm 
gold tip in 5mM sulfuric acid solution with 0.1 M sodium sulfate solution as supporting 
electrolyte (supporting electrolyte minimizes solution resistance and migration effects). In 
this case, the reducible species H+ (from H2S04solution), undergoes the following reaction at 
the tip given by, 
----- (3 .2) 
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As we observe from the graph, at potentials negative of -0.8V (Vs NHE) the current value 
levels off due to the diffusion limited reduction of protons to molecular hydrogen. The tip 
can be held at a potential value in this plateau scale (say: -1.0V versus NHE, marked by • in 
the graph) where H2 evolves at a constant rate and moved towards the catalyst of interest. 
If the catalyst of interest is an active surface for HOR, it will oxidize the hydrogen 
evolved at the tip back to protons resulting in a positive feedback. Likewise, if the substrate 
is not active for HOR (for e.g., if the surface is poisoned with carbon monoxide), the tip 
current will decrease as the tip moves closer towards the substrate, resulting in negative 
feedback. Figure 3.4 illustrates how the tip current varies when it is approached towards a 
catalytically active and a catalytically inactive surface for HOR. Thus the direction of tip 
feedback is an indicator for the nature of the substrate (active/inactive). The reactivity of the 
substrate for HOR can thus be examined by merely positioning the tip at a close separation 
distance from the substrate and holding the tip at a diffusion limited proton reduction 
potential and monitoring the changes in tip current. Further, the magnitude of tip current 
evolved is a direct function of the reactivity at the substrate 12 ' 13 . The variation in tip current 
can be related to the reactivity at the substrate, thus enabling SECM to be a useful 
quantitative analytical tool 14- 18. 
SECM Theory 
As described above, rigorous SECM theories based on well-established electrochemical 
principles for various tip geometries relating the tip current to solution parameters and tip-
substrate separation exist1• The discussion below highlights the calculation steps involved in 
37 
reaction-rate estimations using a disc shaped microelectrode for an electrocatalytically active 
substrate for the reaction O + ne - ~ R at the tip and R ~ O + ne - at the substrate 1' 19• 
The rate constants for the reduction reaction (k1) and the oxidation reaction (kb) at the 
tip and substrate can be given as a function of potential as, 19 
----- (3.3) 
----- (3.4) 
where, k0 is the standard rate constant, E5 is the substrate electrode potential, E0 is the formal 
potential for the reaction, a is the transfer coefficient, R is the gas constant, T is the 
temperature, n is the number of electrons involved and F is the Faradic constant. 
The diffusion-reaction equation which models the tip-substrate interface can be given in 
cylindrical co-ordinates of the form, 
[ 2 2 l ac. ac. 1 ac. ac. _i =D . --1 +--1 +--1 ;witht>O,r ~,andO <z> d. 8t I 32 2 r 8r 3,. 2 ----- (3.5) 
where, r is the co-ordinate in radial direction, z is the co-ordinate along the axis 
perpendicular to the tip surface, Di and ci are the diffusion coefficients and concentration of 
species "i" respectively. (In this case, species "i" could be either 0 or R), d is the separation 
distance between the tip and substrate and t is time. 
The above equation can be written in a non-dimensional form as, 
[ 2 2 l ac. a c. 1 ac. a c. - 1 =D. --1 +--1 +--1 ;withT>O,R ~,andO<Z>L. -ar 1 az 2 R aR aR 2 ---- (3 .6) 
R=r/a ----- (3 . 7) 
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Z= z/a ----- (3.8) 
----- (3.9) 
T= tD/ a2 ----- (3.10) 
where, a is the radius of the tip, c0 is the bulk concentration of species 0 in the solution and L 
is the normalized tip substrate separation. Assuming equal diffusion coefficients (Do= DR=D), 
the boundary conditions for the above problem can be simplified into 
Tip electrode surface: T > 0, 0 ::;R. < 1, Z=O; 
Insulating glass sheath: T > 0, 1 ::;R. ::;R.G, Z=O; 
Substrate surface: T > 0, 0 ::;R. :9xl , Z=L; 
Axis of symmetry: R=O, 0 < Z < L; 
R>RG, 0 g_ =:;L; 
Kr= kra/D :::::O* 
ac 
_o=O 
az 
ac 
----- (3 .11) 
----- (3 .12) 
-
0 = -K (1- C ) 
az b o 
----- (3.13) 
ac 
_ o =O 
8R 
----- (3.14) 
----- (3.15) 
----- (3 .16) 
(* The back reaction of proton reduction on the substrate is assumed to be negligible, 
therefore kr is equated to zero). 
----- (3 .17) 
RG = rula 
0 
----- (3 .18) 
where, rg is the radius of the insulating glass sheath. Assuming the size of the substrate to be 
infinite compared to the dimension of the tip, the initial condition of the problem is, 
T=O, R ~, 0 g, =:;L; ----- (3 .19) 
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The above equation was solved numerically to give rise to a set of theoretical curves by Bard 
et al 1• The mathematical expression that defines these sets of theoretical curves is given by 
the equations, 
[ 
1ins l I (L)=l 1-_L_ +fins 
T s 1c T 
T 
----- (3 .20) 
0.78377(1 + lltJ [o.68 + 0.3315exp(l - l.0672/L)] 
I - + 
s- L ~+R~~ ----- (3 .21) 
where, 
Is is the kinetically controlled substrate current; 
IT (L) is the dimensionless tip current at a normalized tip/ substrate separation equal to L; 
I 
IT(L)=-:-1-----, where, iT is the measured tip current and iT,cx:i is the steady state tip current; 
IT, OCJ 
F(l ,t )= (l l/,t + 7·3) · -----(3.22) 
' (110-40L) ' 
Ir = 0.68 + 0.7838 I l + 0.3315 exp(-1.0672 I l) ; ----- (3 .23) 
1 i;s = 1![0.15+1.5358 I l + 0.58 exp(-1.14 I L)+ 0.0908 exp((l - 6.3) I l.017l )]; ----- (3 .24) 
,t = kb d I D ; ----- (3 .25) 
By fitting the experimental curves with the theoretical working curves obtained from the 
above analytical expressions, the rate constant value for the oxidation reaction at the 
substrate kb can be extracted4' 6 ' 10 . Further, Ir and Ifj!-s represent the theoretical tip current 
for a conducting and insulating substrate (Positive Feedback I Negative Feedback). Therefore, 
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fitting theoretical curves from the above expression to experimental approach curves allows 
us to determine the precise separation between the tip and substrate7• 
SECM Working- Summary 
The above theoretical calculations thus enable rate constant estimation for the reaction 
R ~ o + ne - at the substrate when a diffusion limited reaction O + ne - ~ R occurs at the tip. 
For our reaction of interest, namely the hydrogen-oxidation reactionH 2 ~H+ +2e-, H 2 is 
the reactant Rand H+ is the reducible species 0. Diffusion-limited reduction of H+ at the tip 
can be enabled by merely immersing the tip and substrate in an acid solution and by holding 
the tip at a diffusion-limited potential. A 5mM sulfuric acid solution with a supporting 
electrolyte solution was used in our work. The low concentration of sulfuric acids aids in 
preventing any hydrogen bubble formation at the electrode. 
SECM for Combinatorial Libraries 
The SECM tip can be precisely positioned and controlled over the substrate surface along 
any axis X, Y or Z with a programmed motion control using the piezoelectric motors. This 
property of SECM enables it as a unique analytical tool to study electrocatalyst libraries. It 
can be observed from the approach curves in Figure 3.4 that as the tip-substrate separation 
decreases, the tip-current response changes due to an increase or decrease in the current value 
which in tum is directly proportional to the reactivity of the surface. Thus by holding the tip 
at a constant separation from the substrate and scanning it across the surface lets us to deduce 
the reactivity along the surface. In a combinatorial array sample, each catalyst spot is placed 
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in a geometrical pattern on an inactive support. When the SECM tip is scanned cross this 
sample at a constant separation with the tip under diffusion control, the tip current will vary 
at each spot according to the reactivity at each spot. Catalysts that are active towards 
hydrogen oxidation will show increased tip current due to positive feedback and the inactive 
regions will show decreased tip current due to negative feedback. Since each catalyst spot is 
distinctly separated from each other in the library ( in most cases at a distance of more than 
2mm), continuous scan of the tip will show distinct current peaks for each active spot 
separated by an inactive layer, due to negative feedback from the support11 . Figure 3.5 
shows a schematic of line scan measurement, when it is scanned across uniformly active 
spots in an array library. 
Additionally, the tip can be positioned very close to each catalyst spot in the library 
and the change in reactivity with variation in potential can be recorded for each spot by 
merely varying the substrate potential and recording the tip-current response. Such 
experimental data can be modeled with theoretical expressions to determine individual rate 
constant values for each spot20. 
SECM Technique 
The SECM set-up constructed in the laboratory provides tip scan motions using X-Y-Z 
piezoelectric motors. The LAB-VIEW program enables automation of tip motion and 
facilitates a user-friendly operation. Figure 3.6 provides a schematic of the SECM- setup 
built in our laboratory. Motion along the x-y-z direction is enabled using a Newport Model 
ESP6000 motor controller along with UNIDRIV6000 motor driver and ILS 1 OOPP translation 
stages. Precise positioning of the tip (ultramicroelectrode) in the electrochemical cell is 
enabled using a LAB-VIEW program. Electrochemical measurements were made possible 
using a bipotentiostat (Model AFDRE, PINE Instruments) coupled with a sensitive current 
amplifier (Keithley Instruments) to measure current evolved at the tip. 
42 
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Figure 3.1: A schematic of diffusion limited reduction of species "0" on the tip surface 
in the absence of a substrate 
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Figure 3.2: Tip Feedback at a catalytically active and inactive substrate. 
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Figure 3.5: A schematic of SECM line scan measurement when the tip is held far away 
from the substrate (illustration at the top) and when the tip is close to the substrate 
(illustration at the bottom). 
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Figure 3.6: Scanning Electrochemical Microscopy: Technique 
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Chapter 4 Outline 
Outline 
From the discussions thus far, it is evident that there is a clear need to explore 
hydrogen oxidation catalysts and evaluate bi-functional metals along with platinum for CO 
tolerance. This exploration can be performed in a combinatorial fashion. Scanning 
Electrochemical Microscopy adds in as a valuable analytical tool to rapidly extract the 
necessary information with a high - throughput design. 
In this work, 
1. We have identified some promising metallic additions such as ruthenium, 
molybdenum, rhodium, tungsten, tantalum, niobium, tin, osmium, iridium and 
palladium based on bi-functional mechanism for CO oxidation to improve poison 
tolerance on platinum. 
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2. We have developed some novel combinatorial synthesis strategies to generate single 
and binary compositions of such elements in an array mode on a single support. 
Specifically, Chapter 5 describes the synthesis procedures involved in the preparation 
of such combinatorial arrays by two different methodologies namely, 
1. Combinatorial sample generation using an electrochemical 
methodology. 
11. Combinatorial sample generation using a liquid dosing technique. 
3. In order to validate the reactivity of catalysts prepared by combinatorial methods and 
to establish the preparation technique in literature, individual catalyst materials were 
generated by similar preparation methods and were compared for reactivity with 
catalysts obtained by combinatorial methods. 
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4. Discussion on the results obtained by SECM measurements on the combinatorial 
libraries prepared by the two different methods and individual electrocatalyst samples 
is given in Chapter 6. Specifically hydrogen oxidation activity using line-scan 
measurements and tip-substrate voltammetric measurements in a SECM fast scan 
mode are reported. Reaction rates and other kinetic parameters are obtained from 
such measurements. 
5. The library was then evaluated for CO tolerance using SECM line scan measurements. 
Onset potential values for CO-oxidation enabled us in comparing various 
compositions for poison tolerance. 
The details of experimental arrangement for SECM screening, reagents used to study 
reactivity and other measurement details are also given in chapter 5. 
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Chapter 5 Library Fabrication 
Synthesis methods 
In our work, arrays of electrocatalyst libraries for electro-oxidation reactions were prepared 
using solution based techniques. A library generation procedure based on an electrochemical 
methodology was developed to generate electrocatalytic Pt and binary compositions of Pt 
with Ru, Mo, W and Rh on a gold support. Due to the limitations involved with the 
preparation technique for generation of other catalytic spots (Nb, Ta, Ir and Os and their 
binaries, discussed in detail in the subsequent section below), a simple liquid dosing 
technique was formulated to thoroughly define the entire library . SECM analysis was 
performed on sample sets obtained through both methodologies. The preparation procedure 
in each case has been iterated for a variety of catalyst supports, metal-salt compositions and 
reducing agents/methods to obtain an ideal library for SECM analysis. The library synthesis 
procedure for both cases is described below. 
Array sample synthesis using electrochemical methodology 
Electrocatalyst spots of pure Pt and binary compositions of Pt with Ru, Mo, W and Rh were 
obtained as separate dots on an ultra-smooth gold support by a spatially controlled 
electrochemical reduction methodology. A capillary pipette tip with conical geometry 
(tapered at the end) was utilized as an electrochemical cell to generate a circular catalyst dot. 
The ultra-smooth gold surface was prepared according to procedures published in literature 1' 
2
. A thin gold wire (99.999%, Ernest Fullam, Latham, NY) was deposited using high-grade 
mica as a template (Ted Pella, Redding, CA), onto a glass slide (VWR, Morrisville, NC). 
Figure 5.1 details the steps involved in the preparation of the support. 
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Freshly cleaved high grade 1" x l" mica sheets purged under nitrogen flow were 
placed inside a vacuum chamber used for coating metallic systems (Benchtop Turbo, Denton 
Vacuum, Moorestown, NJ) with the cleaved-side facing up. A gold film of 130nm thickness 
was vapor-deposited on the mica surface at a pressure of ~ 7 x 10-5 Torr. The deposition rate 
was maintained at a rate of :S 0.5 A s-1• Freshly cleaned glass slides (obtained by sonication in 
cyclohexane (Aldrich, Milwaukee, WI) for 20 minutes followed by a thorough rinsing in DI 
water and purging under a stream of nitrogen) were then glued to the gold film using a UV-
curable adhesive (Norland 61 , Newport). The glue was cured by exposure to a 100-W 
mercury lamp for 10 minutes. Optimum adhesion was achieved by aging the glue for 12 hat 
50 ° C. Once cured, the assembly was soaked in Tetrahydrofuran (Aldrich, Milwaukee, WI) 
for a minute to de-laminate the mica. The exposed underside of the gold (ultra-smooth 
surface) was then washed in deionized water and purged under nitrogen and used as catalyst 
support. 
Procedure for generation of catalyst spots 
Metallic arrays of Pt and binary mixtures of Pt with Ru, Mo, W and Rh were generated on 
the template stripped gold surface, describe above. The steps involved in the catalyst spot 
generation are as follows . 
A capillary pipette tip with conical geometry (tapered at the end) was utilized as an 
electrochemical cell. The tapered end of the pipette tip was polished well in a polishing 
wheel with grits of sizes up to 1200 to obtain a smooth circular geometry. Spatial (X-Y-Z) 
position control of the capillary over the ultra-smooth gold surface was obtained using 
piezoelectric motors. Such spatial control enabled generation of the dots in a geometrical 
pattern with equal separation between them. Multiple sample sets were prepared for 
reproducibility. In all the samples each catalyst spot was replicated to validate the 
consistency of the preparation technique and the reactivity of compositions with 
measurement. Figure 5.2 gives a schematic of the deposition set-up used with this 
methodology. 
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A liquid-flow-cell type arrangement was utilized for this procedure. One end of a 
PTFE tubing (I.D. 0.0120", Cole-Palmer, Vernon Hill, IL) was inserted onto a 28-gauge 
Microfil (World Precision Ins, Sarasota, FL) to allow the precursor metal salt solution into 
the cell. Programmed flow of the liquid with a uniform flow rate was achieved by 
introducing the solution from the other end of the PTFE tubing using syringe pumps. To 
generate binary mixtures, equal volume of the solutions were flown simultaneously using 
multiple syringe pumps. The precursor salt solution includes 1 OmM H2PtC16, 1 OmM RhCl3, 
1 OmM Na2 W04, 1 OmM Na2Mo04 and 1 OmM RuCh. Pure platinum spots were obtained 
from 20mM H2PtCk The solution volume inside the capillary cell was maintained at 60µ1 
(30µ1 of each solution in binary systems). 
This solution filled capillary cell was then moved towards ultra-smooth gold support 
(positioned on top of a tilt stage with the gold surface facing upwards). A tight seal between 
the capillary and the gold surface was achieved by pressing the polished end of the capillary 
cell well into the gold surface. Pto.slro.2 wire (Counter electrode) and AgCl coated Ag wire 
(quasi-reference electrode) were then inserted into the cell and connected to a bipotentiostat 
with a function generator to complete the electrochemical cell arrangement. Pulse-potential 
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deposition was performed at a frequency of 1 OHz by applying a square wave pattern with 
potential limits of 0.3V and -1.2V against the quasi-reference. A dense circular dot was 
obtained for most catalyst spots. After electrodeposition for five minutes, the metal solution 
was pumped out of the capillary cell using a peristaltic (Peri-Star) pump. The capillary cell 
was then moved away from the spot, washed thoroughly in DI- water and moved to deposit 
the next spot in the array. Each dot was separated by a distance of ~2mm along X and Y. 
After generation of all the spots the sample was rinsed thoroughly in a flow of DI water and 
purged under a low flow rate of compressed air and immediately characterized. Figure 5.3 
shows the optical graph of the sample and Figure 5.4 provides a resolved image of the 
catalyst spots. The bulk compositions of the spots were obtained by Energy Dispersive 
Spectroscopy (EDS) measurements (Table 5.5). Figure 5.6 gives the Scanning Electron 
Microscopic (SEM) image of platinum on gold support at multiple resolutions. 
Limitations with the electrochemical methodology 
Although a wide array of catalyst libraries could be generated with the above procedure, this 
methodology is however limited to synthesize spots of only water soluble metal salts. Salts of 
platinum, ruthenium, rhodium, molybdenum and tungsten are predominantly soluble in water 
and could be obtained with this methodology. The promise of hydrogen reactivity and CO 
tolerance is also available with other metallic elements such as tin, niobium, tantalum, 
iridium and osmium. The precursor metal salt solutions of such elements are sparingly 
soluble or insoluble in water but soluble in alcohols . Therefore dissolving the salts of such 
metals in ethanol followed by electrodeposition with the above mentioned procedure should 
enable us to obtain catalyst spots of the above mentioned metals . Yet our efforts to obtain 
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such binaries by filling the alcoholic solutions into the capillary followed by 
electrodeposition (with 0.1 M tert-butyl chloride as supporting electrolyte) have been largely 
unsuccessful. The alcoholic solutions completely wetted the gold surface due to poor contact 
angles resulting in disordered deposit shapes. Further, spatially addressable individual spots 
could not be obtained as solutions leaked out of the capillary cell even under tight seal 
causing complete mixing between successive spots. 
Additionally, it can be inferred from Table 5.5, that platinum deposition kinetics is 
rapid compared to other metals (with the exception of rhodium) leading to increased 
platinum compositions in most cases. Such non-uniform metallic compositions are caused by 
incomplete reduction of the precursor salt solutions. An alternative methodology is to 
exhaustively reduce the added precursor salts. Liquid precursor solutions can be added as 
droplets, dried and then reduced with a chemical reagent to completely reduce the metal salt, 
leading to formation of equivalent binary compositions. One such methodology based on the 
above principle has been developed to obtain a perfect library of all the above mentioned 
metals. In order to further simplify the preparation procedure, electronically conductive 
Indium Tin Oxide (ITO) coated glass slide (Delta Technologies, Stillwater, MN) was used as 
catalyst support as opposed to ultra-smooth gold surface. 
57 
Array sample synthesis using a liquid dosing technique 
25 different catalyst compositions were obtained as array spots on an Indium Tin Oxide 
(ITO) substrate. Two different sample sets, one with pure and binary combinations of Pt, Ru, 
Rh, Pd, Mo and W and the other with pure and binary combinations of Pt, Sn, Nb, Ta, Ir and 
Os were prepared. Table 5.7 lists the pure and binary compositions studied in this work. 
Precursor metal salts of tin, niobium, tantalum, iridium and osmium metals were 
sparingly soluble in water or insoluble. Therefore solutions of such salts were prepared by 
dissolving the metal salts in ethanol and hence were addressed as a separate sample library. 
Metal salts of Ru, Pd, Rh, Mo and W were soluble in water and were prepared in a different 
sample set. Solubility of chloroplatinic acid (metal salt precursor for platinum) in both 
ethanol and water enabled us to study platinum combinations with both sets. The sample 
preparation procedure (identical for both sample sets) is described below. Figure 5.8 shows 
the steps involved in sample preparation. 
Procedure (or generation of catalyst spots 
Indium Tin Oxide (ITO) coated glass slide (Delta Technologies, Stillwater, MN) with 
resistance Rs~ 15 n inch- 1 was used as a conductive support. The ITO slide was cut to a 
dimension of 25 mm x 33 mm using a diamond scribe followed by thorough rinsing and 
sonication in deionized water solution (18 Mn, E-pure, Barnstead, Dubuque, IA). The 
substrate was then purged under a stream of compressed air (Companion, Sears Ltd) and 
dried in the oven at ~ 40 ° C. 
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5 mM solutions of chloroplatinic acid - H2PtC16, rhodium chloride - RhCh·xH20, 
sodium tungsten oxide - Na2 W04·2H20, niobium chloride - NbC15, tantalum chloride -TaCls, 
tin chloride (SnCh·2H20) [Alfa Aesar Ward Hill, MA], sodium molybdate -Na2Mo04·2H20, 
ruthenium chloride - RuCh·xH20, palladium chloride - PdCh [Strem Chemicals 
Newburyport, MA], osmium chloride - OsCh·xH20, iridium chloride - IrCkxH20 [Aldrich, 
Milwaukee, WI] were prepared by dissolving the salts in deionized water I ethanol according 
to their solubility. Chloroplatinic acid solution was prepared in both ethanol and deionized 
water. 
Binary mixtures of the solution were obtained by adding 50 µl from each of the pure 
solution onto titer plate wells [Fisher Scientific, USA]. A small amount of glycerol 
(approximately -30 µl) [Fisher Scientific, USA] was added to make the solutions viscous. 
The titer plate was then carefully agitated to facilitate complete mixing between the two 
solutions and glycerol. 
A small volume of 2 µl of this well mixed solution was then dispensed as a small 
droplet on to the ITO substrate. The procedure was repeated for addition of other catalyst 
composition from other wells to form a rectangular array pattern with 5 spots along a row 
and 4 along a column. Some catalyst compositions such as Pt and Pt5oRuso in sample set-1 
and Pt and Pt50Ir50 in set-2 were repeated in the array to verify consistency with SECM 
measurements. 
After the addition of liquid drops, the samples were dried in the oven at - 100 ° C for 
3hrs and then were immediately reduced under a stream of hydrogen at 350 ° C for one hour 
using a tube furnace (Lindberg, General Signal, Charlotte, NC). Disc shaped spots of uniform 
and high coverage were obtained. The spots were approximately - 2.5 mm in diameter with a 
separation distance of roughly - 2.5 mm between each other along both X and Y direction. 
Multiple samples for both library sets were prepared to verify reproducibility of the 
procedure. Figure 5.9 shows the optical image of the sample set and Figure 5.10 shows 
resolved images for some of the spots on ITO. 
Experimental details 
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The experimental arrangement for SECM screening, reagents used to study reactivity, 
synthesis procedure for preparation of individual platinum catalysts and other measurement 
details are given below. 
Electrochemical cell arrangement 
All catalyst samples generated in this work were studied using electrochemical techniques 
with a standard three electrode cell configuration. The cell arrangement for such studies 
includes a 25 ml Teflon cell with openings on the sides to insert counter and reference 
electrodes. Pt0.8Ir0.2 wire (Goodfellow Corp, Devon, PA) was used as counter electrode with 
Hg/Hg2S04 (Radiometer, Lyon, France) as the reference. In some cases, silver/silver-chloride 
quasi-reference electrode (AgQRE) consisting of a silver-chloride coated silver wire was 
used. All the data in this work is presented versus the RHE. Figure 5.11 gives a schematic of 
the electrochemical cell arrangement used in our work. The substrate electrode (catalyst spots 
on a support) was positioned at the bottom of the Teflon cell with the catalyst surface facing 
upwards. The substrate was held in place using two nylon screws at the ends. A thin gold 
wire (Ernest Fullam Inc, Latham, NY) was used for connectivity of the substrate with the 
outer circuit. 
Electrolyte 
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Unless noted otherwise, all solutions were prepared using 18MQ deionized water (E-Pure, 
Barnstead, Dubuque, IA). Nitrogen (BOC gases, Murray Hill, NJ) purged 5mM sulfuric acid 
solution (Aldrich, Milwaukee, WI) was used as electrolyte solution with O. lM sodium sulfate 
(Aldrich, Milwaukee, WI) as supporting electrolyte. With measurements involving carbon 
monoxide, the electrolyte solution (5mM H1S04 + O.IM Na2S04) was purged with 99% CO 
gas (BOC gases, Murray Hill, NJ) for a period of 15 minutes. 
SECM Procedure 
The electrochemical cell arrangement described above was utilized in SECM screening. The 
SECM-tip was positioned parallel to the surface of the catalyst substrate and precise motion 
of the tip inside the electrochemical cell was achieved using the X-Y-Z piezoelectric motors. 
Approach curve measurements, line scan measurements and tip-substrate fast-scan 
voltammetry were performed by holding the tip at a diffusion limited potential of -1.0 V 
versus NHE for measurements in 5 mM H2S04 + 0.1 M Na2S04. A bipotentiostat (Model 
AFDRE, PINE Instruments) coupled with a current amplifier (Keithley Instruments) was 
used to control the potential at the substrate and to measure the ensuing tip current. The tip 
current evolved was recorded as a function of tip-scan motion through a LAB-VIEW 
program. Figure 3.6 (Chapter 3) depicts the SECM setup used in this work. The SECM tip 
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used in our measurements was prepared in the laboratory according to procedures reported in 
literature3. The details of SECM tip preparation are given below. 
Tip Preparation 
One end of a borosilicate glass capillary tube (2mm O.D and 0.5mm I.D., World Precision 
Instruments, Sarasota, FL) was melted using a Bunsen burner. A 25µm diameter gold wire 
(Good-fellow, Berwyn, PA) was then inserted into the capillary and sealed inside the 
capillary tube by placing the capillary in a coil of nichrome wire heated using an AC source 
(V ariac ). Vacuum was simultaneously pulled at the open end to prevent trapping of air 
bubbles. The glass melts around the gold wire and gives a complete seal at increased 
temperatures at the coil. After cooling the glass, electrical connection to the tip from the 
outer circuit was enabled by inserting a conductive copper wire in to the glass capillary at the 
open end. Connectivity between the copper wire and gold wire was ensured by adding a 
conductive silver epoxy paste (Epotek, Billerica, MA) into the capillary and curing it in an 
oven at 100 ° C for 1 hour. The copper wire was fixed in place at the open-end by the 
addition of a five minute epoxy (ITW, Devcon, Danvers, MA). The sealed portion of the 
capillary (containing the gold) was then polished with emery paper until the cross-section of 
the gold was exposed. Next, the end of the tip was polished with grits of sizes 400, 600 and 
1200 (Buehler, Lake Bluff, IL) in that order to achieve a conical geometry with a glass to 
metal radius ratio (Rg) of 10:1 at the exposed end. A smooth disk in plane geometry was 
achieved at the exposed end by polishing the tip successively with 9 µm and 3 µm diamond 
paste (Buehler, Lake Bluff, IL). A mirror finish surface was then obtained by polishing the 
tip in 0.05µm alumina slurry (Buehler, Lake Bluff, IL). Figure 5.12 shows a schematic of an 
SECM tip. Before each measurement, a cyclic voltamrnogram of the tip was performed in 
nitrogen purged 5mM H2S04 + O.lM Na2S04 to register the standard sigmoidal curve with 
the diffusion-limited plateau at 130 nA (i1,oo). Figure 3.3 (Chapter 3) shows the cyclic 
voltammogram of the 25 µm gold tip in nitrogen purged 5mM H2S04 + 0.1 M Na2S04. 
Electrochemical Measurements 
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In some cases, cyclic voltammetric measurements were also performed for individual catalyst 
materials methods using a software controlled bipotentiostat (Model 760B, CH Instruments, 
Inc, TX). A similar electrochemical cell arrangement described in this chapter was utilized 
for such measurements. 
SEM and X-ray Energy Dispersive Spectroscopy (EDS) measurements: 
Surface characterization of the spots and bulk composition analysis of the binaries 
(Pt x My) was performed using a JEOL 840A SEM equipped with a X-ray Detector (IXRF 
systems "Iridium" EDS system). An accelerating voltage of 10 kV was used for 
measurements. A double-sided copper adhesive tape was used to provide electrical contact 
between the substrate and sample mount to prevent charging effects. 
Preparation of other substrates 
In some cases, individual catalyst compositions were also prepared and compared for 
reactivity with identical compositions created in combinatorial samples. Preparation 
procedures that were followed in generating combinatorial samples were used to generate 
such individual catalysts. 
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Figure 5.3: Optical image of the electrodeposited array spots on ultra-smooth gold. 
The spots include three identical rows of Pt, Pt-Ru, Pt-Mo, Pt-Wand Pt-Rh (from top to bottom). 
Pt Pt-Ru Pt-Mo 
Pt-W Pt-Rh 
1000 µm 
Figure 5.4: Optically resolved images of electrodeposited Pt, Pt-Ru, Pt-Mo, Pt-Wand Pt-Rh 
spots in the array 
Table 5.5: Catalyst compositions obtained by EDS measurements 
Composition obtained by 
EDS measurement after 
electrode osition 
1 Pt 
2 Pt 79.54 Ru 20.46 
3 Pt 87Jo Mo 12.10 
4 Pt 98.11 W 01.29 
5 Pt 10.06 Rh 89.94 
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Figure 5.6: Scanning Electron Micrographs of platinum spot at various resolutions. 
Table 5.7: Pure and binary catalyst compositions that were studied on two different 
sample sets in this work 
Pt Ru Mo Rh Pd w 
Pt x x x x x x 
Ru x x x x 
Mo x x x x 
Rh x x x x x x 
x Pd x x x x x x 
w x x x x 
Studied Catalyst Compositions 
Pt Ir Nb Os Ta Sn 
Pt x x x x x x 
Ir x x x x x 
Nb x x x x 
Os x x x x x 
Ta x x x x 
Sn x x x x x x 
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Figure 5.9: Optical Image of a combinatorial sample obtained by the liquid dosing 
technique on ITO. (The spots include compositions listed in the top table of Table 5.7) 
Mo Pd w 
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Figure 5.10: Optically resolved images of catalyst spots obtained by liquid dosing 
technique on ITO surface. 
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Figure 5.11: A schematic of an electrochemical cell arrangement. 
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Figure 5.12: A schematic of the SECM-Tip. 
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Chapter 6 Results - Electrochemical Characterization 
Electrochemical measurements involving hydrogen oxidation reaction and reactivity to 
carbon monoxide have been performed on the generated electrocatalyst libraries. The results 
obtained with such measurements are discussed in this chapter. The first part of the chapter 
discusses results obtained with Cyclic Voltarnmetry (CV) and SECM line scan measurements 
on Ptx My (M= Pt, Ru, Mo, Wand Rh) catalyst spots generated by electrodeposition onto 
gold support. The second part of the chapter discusses results obtained with SECM Tip-
Substrate Voltarnmetry (TSCV) and SECM rapid-scan measurements on catalyst 
compositions synthesized by liquid dosing technique on ITO surface. The last section in the 
chapter summarizes the results obtained from the above two sections. 
Section- I: Electrochemical measurements with electrodeposited catalysts libraries 
Substrate voltammograms 
Figure 6.1 shows the cyclic voltammogram of pure and binary catalyst spots obtained on a 
clean gold disc electrode in nitrogen purged 0.01 M sulfuric acid I 0.1 M sodium sulfate 
solution. A preparation procedure with identical deposition parameters similar to the pulse 
deposition methodology (discussed in Chapter 5) was followed in generating the spots on a 
clean polycrystalline gold disc electrode (Bioanalytical Systems, West Lafayette, IN). The 
gold electrode was polished to a mirror finish with up to 0.05 µm alumina slurry prior to the 
deposition of each spot. 
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For measurements involving hydrogen oxidation kinetics (Figures 6.1) the electrode was 
cycled continuously at potentials between 0 and 1.0 V at a sweep rate of 100 m V I s. The 
current segments obtained with such measurements are presented in the graph. The current 
response obtained from such voltammogram enable us to determine the nature of the catalyst 
surface at various electrode potentials. 
In the voltammogram obtained on the platinum surface (Figure 6.1 a), two current 
peaks appear in the potential range between 0 V and 0.4 V. These peaks correspond to 
hydrogen adsorption (under potential deposition (UPD) of hydrogen) on platinum surface. 
The features match closely to a polycrystalline platinum surface1 with the peak at about 0.35 
V being attributed to strongly bound Hacts on Pt (100) region and the peak at about 0.15 V to 
less strongly bound Hadson Pt (110) region. The broad current background observed between 
0.1 V and 0.4 V corresponds to hydrogen adsorption on Pt (111) regions. Platinum 
hydroxide followed by platinum oxide forms at potentials positive of 0.8 V. The cathodic 
peak observed at 0. 7 V is due to the reduction of platinum oxide to platinum metal. 
Binary compositions with Pt exhibit features of both Pt and the added metal. For 
example, the hydrogen UPD region on Pt-Ru (Figure 6.1 b) displays a broadened overall 
response with suppressed strong and weak adsorption peaks compared to pure platinum. An 
increase in charging current magnitude can also be observed. This increase in charging 
current magnitude can be attributed to the presence of ruthenium oxides at the surface2 • Pt-
Mo (Figure 6. lc) exhibits a well defined sharp H-UPD peak near 0.1 Vanda broad oxide 
peak near 0.5 V. The broad oxide peak at 0.5 V confirms the presence of molybdenum in the 
binary. Pt-W (Figure 6.ld) shows features similar to that of Pt-Mo with a sharp peak at 0.05 
V followed by a broad current background until 0.4 V. Pt-Rh (Figure 6.1 e) shows a well 
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defined Hydrogen-UPD peak at 0.2 V, followed by increased currents at potentials above 0.6 
V due to formation of metal oxides. A broad cathodic peak near 0.5 V is presumably due to 
the reduction of rhodium oxide3. Thus, all the binary surfaces show intermediate features of 
both platinum and additional metal, confirming the presence of a binary mixture at the 
surface. 
SECM Approach Curve and Line-Scan measurements: Hydrogen Oxidation 
SECM line scan measurements were performed on the combinatorial PtxMy (M= Pt, Ru, Mo, 
W, Rh) spots obtained on the ultra-smooth gold surface. Prior to measurements the SECM tip 
electrode was thoroughly polished in 0.05 µm alumina slurry and rinsed in copious amount 
of DI water. A cyclic voltammogram was performed on the 25 µm diameter disc electrode 
gold tip in 0.01 M sulfuric acid I 0.1 M sodium sulfate solution to establish a steady state 
profile (Figure 6.2). Diffusion limited reduction of protons to hydrogen occurs at the surface 
at potentials below -0.8 V. A steady tip current observed at potentials below -0.8V indicates 
this diffusion limited proton reduction. The tip current measured at these potentials (325 nA) 
agrees well with the analytical expression4 given by, i1.oo= 4nFc0 D0 a, where i1,oo denotes the 
steady current. Co denotes the electrolyte concentration, n is the number of electrons involved 
in the reaction, F is the faraday constant, a is the tip radius and Do is the diffusion coefficient. 
SECM measurements were performed by holding the tip at a diffusion limited potential value 
of-1.0V. 
Local reactivity of the array spots for hydrogen oxidation were probed by scanning 
the diffusion limited tip at a constant separation over the array spots while simultaneously 
recording the tip current response. As noted in Chapter 3, the tip current response is a strong 
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function of the separation distance between the tip and the substrate. Therefore, prior to line 
scan measurements the surface of the substrate was leveled parallel to the tip surface to 
maintain a constant separation distance during line scan measurements. This was achieved by 
approaching the tip towards the two ends of the substrate and adjusting the sample tilt until 
identical approach curves were obtained. Careful tilt adjustment also aids in prevention of tip 
crash, especially when the tip is scanned at small separation distances. Figure 6.3a shows 
identical approach curves obtained at the two ends of the gold surface. As observed from the 
graph, the diffusion limited tip current decreases with decreasing separation distance between 
the tip and substrate due to the negative feedback from the gold surface (Chapter 3). 
Inability of the gold surface to oxidize hydrogen coupled with its electronic conductivity 
enables gold to be an ideal catalyst support to study hydrogen oxidation reactions. 
The approach curves were obtained by holding the substrate at 0.05 V in nitrogen 
purged electrolyte solution. Fitting the experimental approach curves with theoretical 
equations from Chapter 3 enables precise determination of separation distance between the 
tip and the substrate. Figure 6.3b shows the theoretical match (denoted by markers) with the 
experimental curves (solid line). A series of line scans were acquired across the arrays at 
various separation distances. The diffusion limited tip was scanned from left to right, starting 
with Pt followed by Pt-Ru, Pt-Mo, Pt-Wand Pt-Rh in that order. Each line scan measure a 
scan distance of 13.5 mm with the rate of tip motion at 100 µms- 1• The spots were 
approximately -1 mm in diameter. Each spot was positioned at equidistant intervals of - hnm 
along the gold surface 
Figure 6.4 shows the line scans obtained at various tip-substrate separation distances. 
The curves have been offset in the graph for clarity. Each curve in the figure represents a 
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line scan, which was obtained by scanning the tip along the length of the sample at a fixed 
separation distance between the tip and substrate. As seen from Figure 6.4, the line scans 
remain essentially straight until a separation of 60 µm. At a separation of 60 µm , small bands 
appear in the scan at regular intervals. These bands correspond to an increase in diffusion 
limited tip current (or simply, positive feedback due to hydrogen oxidation from the 
respective catalytic spots). 
Decreasing the tip-sample separation to smaller distances leads to increased band 
growth at the respective catalytic spots. The enhanced current signal registered at the tip at 
small separation distances corresponds to positive feedback from the substrate or simply, 
oxidation of hydrogen at each catalytic spot. Thus the active bands observed at 5 µm 
separation from the tip confirm the hydrogen oxidation activity at each spot. Distinct active 
current bands separated by an inactive layer can be clearly observed in each scan. The 
inactive layer corresponds to negative feedback from the gold region or in other words it 
corresponds to the absence of hydrogen oxidation activity from the bare gold surface. The 
schematic at top of the Figure 6.4 depicts the layout of the spots during measurement and 
Figure 6.5 shows the increase in measured tip current as a function of tip-substrate separation 
for each catalyst spot. Clearly, all the spots exhibit an increase in tip current with decreasing 
tip-substrate separations. The tip-current measured at the gold surface decreases with 
decreasing separation distance due to the passive nature of the gold surface for hydrogen 
oxidation. 
It can also be observed from Figure 6.4 that the negative feedback current value at 
the gold surface within a particular scan varies at various tip positions. For example, at a tip -
substrate separation of 5 µm (top curve in Figure 6.4) the tip current value at a tip- position 
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of 0.2 x 104µm is much lower than the tip current value at a tip position of 1.2 x 104 µm. This 
difference in current value is due to the apparent tilt in the sample, which leads to varying 
tip-substrate separations during each scan (although, a constant tip-substrate separation is 
necessary). This artifact, limits us in the determination of the reaction rate constant, as the 
rate constant is a strong function of separation distance. Nevertheless, an approximate 
estimate of rate constant is provided in Table 6.6 and the results demonstrate that all the 
binary spots exhibit high activity for hydrogen oxidation reaction 
SECM Line Scan measurements: CO oxidation 
Carbon monoxide is known to poison platinum surface and limit the availability of active 
sites for HOR. In our measurements, SECM-line scans were performed towards hydrogen 
oxidation reaction on a CO poisoned catalyst surface in order to probe the dynamics of CO 
adlayer on the catalyst surface and to determine the onset potential values for CO oxidation 
from the poisoned surface. CO was adsorbed onto the sample surface by immersing the 
electrodes in a CO saturated solution (obtained by dosing CO gas into 0.01 M H2S04 I 0.1 M 
Na2S04 solution for 15 minutes) and holding the substrate potential at 0.1Vfor60 minutes. 
The cell was allowed to sit undisturbed for 60 minutes to facilitate removal of CO from the 
bulk of the solution. Line scan measurements at a separation of 10 µm were then performed 
at various substrate potentials in order to determine the reactivity of the poisoned surface for 
hydrogen oxidation reaction. The tip remains unaffected by the presence of CO in solution 
and hence the measured tip current directly reflects the feedback current value from the 
substrate. 
80 
Figure 6. 7 shows a series of line scans obtained at different substrate potentials at a 
separation of 10 µm from the surface. The line scan at a substrate potential of 0 .1 V, (where 
CO was adsorbed on to the surface) is essentially a straight line due to the negative feedback 
from the gold substrate and the poisoned catalyst spots. Active bands seen in the previous 
graph (Figure 6.4) are completely absent due to the poisoning of the spots with CO. The 
substrate potential was then stepped up at intervals of 50 m V for every subsequent scan until 
complete removal of the CO adlayer from the surface. A "quiet time" of 30 seconds was 
maintained after stepping up the potential prior to the start of each scan. 
As observed from the curves at the bottom in Figure 6.7, all the spots show a 
featureless region or simply a straight line due to complete blocking of the surface with CO. 
A small dip in the scan at a tip position of 5.8mm is predicted to be a surface deformity. Until 
a substrate potential of 0.42 V all the spots remain essentially inactive. 
At a substrate potential of 0.45 V, the tip current measured at the Pt-Ru spot exhibits 
an increase in tip current. This increase in tip current reflects positive feedback from the 
poisoned spot due to the onset of hydrogen oxidation at the surface. It is likely that this 
activation occurs in conjunction with oxidation of the adsorbed CO layer from the poisoned 
surface which enables availability of free active sites for hydrogen adsorption and subsequent 
oxidation. The positive feedback current increases with subsequent positive potential scans 
denoting availability of more free sites for hydrogen oxidation. Therefore the CO onset at 
0.45 V does not reflect a complete oxidation of the CO monolayer, but rather indicates early 
stages of this process2. Oxidation of hydrogen can occur even after partial removal of the CO 
adlayer5. Complete activity with the Pt-Ru spot is obtained at substrate potentials positive of 
0.5 V. Pt-Rh starts showing activity at a substrate potential of 0.50 V. A complete removal of 
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the CO adlayer is seen to occur at further positive potential scans. The tip current starts 
decreasing at potentials above 0.7 Vat the Pt-Rh spot. The decrease in hydrogen oxidation 
activity at potentials positive of 0. 7 V can be attributed to formation ofrhodium oxides at the 
surface. Cyclic voltammetric measurements (Figure 6.1 d) show formation of rhodium oxides 
at potentials above 0.7 V. Pt-W starts to show activity at a substrate potential of 0.65 V with 
complete restoration of the active regions at much positive potentials. Hydrogen oxidation 
activity is observed with Pt-Mo at potentials above 0.85 V. 
Surprisingly, the CO onset potential value measured with the Pt-Mo catalyst differs 
with the values reported in literature. Much lower values have been obtained on a Pt1sM02s 
alloy 6-8. 
CO onset potentials obtained with the line scan measurements on the binary 
compositions is tabulated in Table 6.18a. In our measurements, Pt-Ru shows the lowest 
onset potential followed by Pt-Rh, Pt-W and Pt-Mo. Interestingly, Pt starts showing activity 
at substrate potentials positive of 0.55 V, when the activity is expected only in the 
neighborhood of 0.9 V. This early onset of activity with platinum is explained in detail in the 
subsequent section. 
SECM Tip-Substrate Voltammogram measurements for CO oxidation on Pt 
In order to fully understand the dynamics of CO oxidation and to explain the early onset CO 
potential with Pt, cyclic voltammetry (CV) and tip-substrate voltammetry (TSCV) were 
performed on CO-adsorbed platinum. The platinum electrode was obtained by pulse 
deposition with the same deposition parameters as that of the electrochemical methodology. 
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Figure 6.8 shows the cyclic voltammogram of pulse deposited platinum in sulfuric acid 
solution. The solid line in the figure show features of a polycrystalline Pt surface with well 
marked hydrogen adsorption regions. CO was adsorbed on this surface by immersing the 
electrode in a CO saturated sulfuric acid solution and holding the substrate at 0.1 V for 15 
minutes. The solution was purged with nitrogen gas for 15 minutes to completely remove CO 
from the bulk of the solution. Cyclic voltammogram performed on this CO adsorbed surface 
in nitrogen purged solution is shown as a dashed line in Figure 6.8. As observed from this 
curve, hydrogen adsorption regions observed for pure Pt (solid line) are completely 
suppressed due to poisoning with CO. The onset of CO does not happen until 0.8 V, 
following which a strong peak corresponding to CO oxidation appears at 0.9 V. The dotted 
line in the figure corresponds to voltammogram of a CO adsorbed platinum surface 
(adsorbed with a similar procedure) in a CO-saturated 5 mM H2S04 I O. I M Na2S04 
electrolyte solution. These measurements show clearly that the presence of CO in the 
solution affects reaction dynamics. A "pre-ignition wave" at potentials between 0.5 and 0.8 V 
is observed followed by a CO oxidation peak at 0.9 V. This pre-ignition wave, commonly 
referred to as the "prewave" seen on platinum surface has been examined thoroughly in 
literature9-13 . It is reported that this prewave peak appears due to the oxidation of some of the 
high coverage weakly adsorbed CO adlayer (CO ads, wf After some of the CO is oxidized, 
the surface is poisoned again due to a structural arrangement of the CO remaining on the 
surface or by re-adsorption of solution CO leading to formation of strongly adsorbed CO 
layer10. The main peak at 0.9V is associated with the oxidation of this strongly adsorbed CO 
layer according to the equations, 
+ -H20+Pt ~Pt-OH +H +e 
+ -Pt-OH+CO ds ~co +H +e 
a ,s 2 
----- ( 6.1) 
----- (6.2) 
It has also been suggested that during this pre-ignition wave in the experiments, phase 
transition of the CO mono layer from an ordered structure to a disordered structure occurs 
thus impacting the hydrogen oxidation reaction in this potential region 11 -13. SECM Tip-
substrate voltammetric measurements were also performed on the CO-adsorbed platinum 
surface in a CO saturated solution to measure the effect of CO in the solution on platinum. 
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The measurement was performed by positioning the diffusion limited tip close to the surface 
of CO adsorbed platinum surface. The substrate was then subjected to a potential scan and 
the ensuing tip current and substrate current response was recorded. Figure 6.9 shows the 
TSCV obtained on CO adsorbed platinum surface in a CO saturated 5mM H2S04 I O. lM 
Na2S04 solution. CO was adsorbed on the surface at 0.1Vfor15 minutes followed by a 
potential scan. Notably, the tip current increases at potentials above 0.5 V due to the 
contributions from hydrogen oxidation through weakly adsorbed CO oxidation current. 
Further, this increase in tip current corresponds with the pre-ignition wave in the substrate 
voltammogram (marked by dashed lines), followed by the main oxidation peak observed at 
0.9 V which corresponds to complete removal of the adlayer due to the oxidation of strongly 
adsorbed CO (CO ads, s) 
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Substrate Voltammogram: CO oxidation 
The pre-ignition wave on platinum is a strong function of CO content in the solution, and CO 
adsorption potential9. Such pre-ignition waves are found to be absent in our measurements 
with other binaries with platinum, when the CO adsorbed catalyst surfaces where subjected 
to a potential scan in CO purged electrolyte solution, after adsorption of CO at 0.1 V for 60 
minutes. Figure 6.10 ( a-d) shows cyclic voltammograms the obtained with different binary 
catalyst substrates. A sharp drop in substrate current at lower potential scale, due to the 
presence of highly suppressed H-UPD regions (Figure 6.10 a-d) can be observed in all the 
voltammograms. CO oxidation from the surface (marked by current peaks in the 
voltammogram) occurs at positive potential scans. The onset of CO oxidation potential 
values for the binary substrates match closely with the values obtained with line-scan 
measurements. A similar trend was observed with CO oxidation peak potentials, wherein 
Pt79.s4 Ru20A6 shows an early onset followed by Pt, Pt1006 Rh&9% Pt98.11Wo1.29 and Pts7.3o 
Mo1 2.10 (Figure 6.7). 
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Section - II: SECM measurements on other combinatorial libraries 
This section of the chapter discusses results obtained with SECM measurements on catalyst 
compositions obtained by the liquid dosing technique. Two sets of samples, one with pure 
and binary compositions of Pt, Ru, Mo, Pd, Rh and W and the other with Pt, Ir, Os, Ta, Nb, 
Sn were obtained by hydrogen reduction of the metal salts on Indium Tin Oxide (ITO) 
support. Identical sets of measurements were performed on both sample sets to evaluate their 
reactivity for hydrogen oxidation and poison tolerance. Prior to the start of SECM 
measurements with each sample set, a steady state profile for hydrogen reduction was 
established with the SECM-tip. The steady state current measures at 130 nA. The surface 
of the sample was leveled with the tip surface using negative feedback approach curves along 
the edges of the ITO surface. Similar to gold, ITO is a catalytically inactive surface for HOR. 
Modeling the negative feedback curves with theoretical equations enables us to determine the 
separation distance between the tip and substrate. SECM line scans and tip- substrate 
voltammetry were then performed on the combinatorial sample sets by holding the tip at a 
diffusion limited potential of -1.0 V. All the measurements were performed at a constant 
separation of 10 µm from the substrate. 
SECM Tip-Substrate Voltammetry (TSCV): Hydrogen Oxidation 
Figures 6.11 and 6.12 show tip-substrate voltammogram obtained with various catalyst 
formulations in nitrogen purged 5 mM H1S04 I O. l M Na2S04 solution. The measurements 
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were performed by positioning the diffusion limited tip at a separation of 10 µm from the 
surface of the spot, followed by a substrate potential scan at the rate of 50 mvs-1 between0 V 
and 0.6 V. The tip current response as a function of substrate potential was then recorded for 
each spot. An inbuilt LAB-VIEW program enabled precise tip motion and positioning of the 
tip over each spot. The tip current evolved as a function of substrate potential is presented in 
Figures 6.11 and 6.12. TSCV measurement was also performed on the bare ITO regions 
adjacent to each spot to verify the separation distance between the tip and substrate. As 
expected, ITO shows a featureless straight line at all potentials, due to the passive nature of 
its surface towards hydrogen oxidation reaction. The negative feedback curve obtained on 
ITO is marked at the bottom of every graph as a baseline for comparison of activity with 
other catalyst systems. 
As observed in Figure 6.11, pure platinum (Figure 6.11 a) shows an exponential 
increase in tip current with increase in substrate potential until 0.1 V, followed by a plateau at 
further positive potentials due to the diffusion limited oxidation of hydrogen. With pure 
ruthenium electrode (Figure 6.11 a), the tip current increases with increase in substrate 
potential until 0.05V and falls with any subsequent ramp in potential. Cyclic voltammogram 
of the ruthenium electrode in sulfuric acid solution would show that at potentials positive of 
0.3 V, ruthenium hydroxide and oxide formation occurs at the surface. The ruthenium oxide 
layer severely limits the hydrogen oxidation activity, thus contributing to decreased current at 
the tip. Initial marginal increase in tip current until 0.2V is due to adsorption of hydrogen 
followed by oxidation at the ruthenium surface. Pure Rh (Figure 6.1 la) also shows activity 
for hydrogen oxidation with an exponential increase in tip current with substrate potentials 
up to 0.15 V followed by a diffusion limited plateau. The reactivity of hydrogen at pure 
rhodium and ruthenium surface have already been reported in literature2• 3. Other metallic 
elements such as Pd, W, and Mo (Figure 6.1 la) do not show any positive feedback at the 
measured potentials similar to ITO. 
Binary compositions with Pt (Figure 6.11 b) show the expected positive feedback 
behavior with increased tip currents at positive potentials . In our measurements, binary 
mixtures of ruthenium and rhodium with other metallic elements (Figures 6.11 c and 6.11 d) 
also show hydrogen oxidation activity. 
87 
In measurements with the second set of samples, pure platinum shows positive 
feedback activity at early potentials with a similar pattern in tip current (Figure 6.12a). Pure 
iridium electrode also shows strong hydrogen oxidation activity, as observed from the 
increased tip current. Hydrogen oxidation activity on iridium surface has been recently 
reported in literature3. A very marginal increase in activity is observed with the osmium 
electrode (Figure 6.12a). A strong positive feedback current is observed at Ir-Os surface 
(Figure 6. l 2d). Binaries with Pt (Figure 6.l 2b) also show an exponential increase in tip-
current with the substrate potential until 0 .1 V, followed by a plateau corresponding to 
diffusion limited oxidation of hydrogen. Sn, Nb and Ta, remain inactive to hydrogen 
oxidation. A qualitative activity table for all the tested catalyst formulations is presented in 
Figure 6.13. In order to quantify the measured tip currents, heterogeneous rate constant 
values were extracted from the graphs by modeling the results with the theoretical 
expressions given in Chapter 3. Figure 6.14 lists the extracted rate constant values. As 
observed from the table, pure Pt and all its metal binaries show high rate constant values for 
hydrogen oxidation reaction. Additionally Ir, Os, Rh and some of their binaries also exhibit 
strong rate constant values. The rate constant values reported in literature for 
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Pt (0.42 cms-1) 14, Ir (0.25 cms-1) 3 and Rh (0.01 cms-1) 3 is consistent with the values obtained 
by our measurements (Figure 6.14). 
SECM Rapid Scan measurements: CO oxidation 
In order to probe the reactivity of the catalyst formulations for CO tolerance, SECM rapid 
scan measurements were performed with the sample sets in a CO saturated 5 mM H2S04 I 
0.1 M Na2S04 solution at various substrate potentials. CO was adsorbed on the surface by 
immersing the electrodes in the CO saturated solution for 60 minutes at 0.1 V. 
In a rapid scan measurement, the SECM tip moves from spot to spot (instead of a 
continuous scan) in a programmed X-Y fashion at a constant tip-substrate separation. Tip 
current responses are recorded as a function of position of the tip on the surface. Automated 
tip motion, with an inbuilt LAB-VIEW program to record the tip current response as function 
of spatial position enables us to attribute activity t each spot precisely in an expedited fashion. 
The tip was scanned at 500 µmis along X and Y and a delay time of 2000 ms was maintained 
before recording the current value at each spot. The scans were performed at increased 
potentials at intervals of 50 m V until complete activity with all the spots was established. The 
tip-current response as a function of substrate potential for each catalyst is plotted in Figures 
6.15, 6.17 and 6.18. As observed from the current values at low potentials, CO completely 
poisons all the catalyst formulations and inhibits hydrogen oxidation at the surface. Therefore 
a negative feedback current is observed with all the spots until 0.2 V. Onset of activity due 
to CO removal from the surface happens only at potentials above 0.3 V. Onset of hydrogen 
oxidation activity first occurs with Pt-Rh (Figure 6.15) followed by Pt-Pd, Pt-Ru, Pt-Wand 
Pt-Mo. Table 6.18 lists the onset potentials for all the studied catalyst formulations. 
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Surprisingly, Pt-Pd (Figure 6.15) shows an early onset compared to other catalyst 
formulations. However cyclic voltammetric measurements (Figure 6.20) of the individual Pt-
Pd electrode (obtained by a similar synthesis procedure on ITO) in a CO saturated solution 
(discussed in part-III) later confirmed the presence of a "prewave" peak in the 
voltammogram. Complete CO removal happens only at much positive potentials. It is notable 
that a similar order in onset of CO oxidation was established with the catalyst binaries 
(except for Pt-Rh) in section-I of this chapter. Early onset with Pt50Rh50 and Pt50Ru50 
compared to Pt79.54 Ru20.46 and Pt10.06 Rhs9.94 can be attributed to the increased composition of 
ruthenium and rhodium in the binary. The CO onset potentials obtained with different Pt-Ru 
compositions agree well with the potential values obtained in literature15 . It can be observed 
that the CO onset potential curves for all the catalyst substrates do not follow a regular 
increasing trend and a negative reaction order is observed at some increased potential values. 
This could be possibly attributed to the competition between CO re-adsorption from the bulk 
of the solution and formation of surface oxide sites leading to partial opening of the surface 16. 
As expected Pt shows early onset (Figure 6.15) with CO compared to its binaries due 
to the presence of high-coverage weakly adsorbed CO adlayer (CO ads, w) . The presence of the 
prewave peak was verified by performing a tip-substrate voltammogram in a CO saturated 
solution on hydrogen reduced platinum surface generated on ITO support. A similar 
synthesis procedure with identical deposition parameters to that of the combinatorial sample 
was followed in generating the individual spots. CO was adsorbed by immersing the 
electrode in CO saturated solution at 0.1 V for 15 minutes. Figure 6.16 shows the TSCV 
obtained in a CO saturated solution on hydrogen reduced Pt surface. An early onset for CO -
oxidation with the formation of a "prewave" peak can be observed in the figure. The tip 
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current is marked by a solid line and the substrate current by a dotted line. An oxidation 
peak at 0.9 V denotes complete removal of CO from the solution. It is notable that the pattern 
in tip-current response is identical to that of the response obtained with pulse deposited 
platinum for similar TSCV measurements. 
Figure 6.17 denotes CO oxidation curves obtained with other catalyst formulations. 
Pt-Sn shows a very early onset around 340 m V followed by Pt-Os and Pt-Nb and Pt-Ir metals. 
Recent efforts on well ordered Pt-Sn alloy structures report CO oxidation around 0.3 Von 
the alloy surface. 17 Table 6.19b lists the CO onset potential values on active catalyst surfaces. 
Other binary catalyst compositions (Figure 6.18) show onset for CO at potentials only at 
much higher potentials, (at potentials above complete removal of CO from platinum 
surfaces) and are therefore deemed unsuitable for CO tolerance. 
Summary 
Section -I 
In the first part of our work, binary compositions with Pt including Pt79 54 Ru20.46 
Pt1006Rhs9.% Pt93,71Wo1.29 and Pts7.30Mo12.10 were obtained as spatially addressable arrays on 
an ultra-smooth gold surface using an electrochemical reduction technique. A spatially 
addressable capillary cell was used to generate electrochemically reduced array spots in a 
combinatorial fashion. The electrodeposited binary mixtures were found to be rich in Pt 
composition (with the exception of Rhodium) due to the rapid deposition kinetics of platinum. 
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The nature of the catalyst surface at various substrate potentials was ascertained using 
cyclic voltammetric measurements. Clear hydrogen UPD regimes (under potential 
deposition) marked by current peaks were observed with Pt. Binary mixtures with Pt 
generated a mixed response with features of both Pt and added metal. 
Hydrogen oxidation reactivity was evaluated using SECM line-scan measurements. A 
series of line scans were acquired across the spots at various tip - substrate separations. All 
the binary spots showed a positive feedback confirming the hydrogen oxidation activity at 
the surface. Negative feedback was observed at the gold surface. Onset potential values for 
CO oxidation were measured on the CO adsorbed catalyst surfaces using line scan 
measurements at various substrate potentials in a CO saturated solution. Pt-Ru showed the 
lowest onset potential for CO oxidation followed by Pt-Rh, Pt-Wand Pt-Mo. 
A transition peak corresponding to a "prewave", which is a strong function of CO 
content in the solution and CO adsorption.potential, was observed on platinum. Low onset 
values realized at the platinum can be attributed to the prewave peak, as complete CO 
removal of strongly bound CO occurs only at much larger potentials. Tip-substrate 
voltammetric measurements were performed on the platinum substrate to confirm the 
presence of a prewave peak when CO is present in the solution. CO oxidation peaks were 
also obtained by performing cyclic voltammetric measurements on the binary mixtures. The 
voltammograms confirmed absence of a prewave peak in the binaries with Pt, even when CO 
is present in the bulk of the solution. 
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Section -II 
In the second part of our work, pure and binary compositions of Pt, Ru, Rh, Mo, Ir, Nb, Ta, 
Pd, Sn, Os and W were generated as arrays in two sample sets on an indium tin oxide support 
using a liquid dosing synthesis procedure. Solutions of the metal salt precursors were added 
as liquid droplets in micro-liter volumes on top of the ITO surface. The droplets were 
exhaustively reduced using hydrogen gas, leading to formation of uniform binary 
compositions ( 50-50) at the surface. 20 different combinations of pure and binary mixtures of 
the catalyst formulations were obtained in a single sample set. Hydrogen oxidation reaction 
was evaluated at the surface using SECM tip-substrate voltammetric measurements. Intrinsic 
rate constants pertaining to catalytic activity were obtained to compare the activities within 
the libraries. Strong hydrogen oxidation activity was observed with Pt and its binaries. 
Additionally pure metals such as Rh, Ir, Os and 50-50 binary mixtures oflr-Os, Pd-Rh, Rh-
W and Ru-Rh indicated a positive feedback response at the tip. The measured rate constant 
values are tabulated in Figure 6.14. The CO tolerance of the surface was examined using 
rapid scan measurements in a CO saturated solution. The presence of a prewave in platinum 
was verified by performing a tip- substrate voltammogram in a CO saturated solution. CO 
onset values obtained with CO-tolerant systems compared to Pt are tabulated in Table 6.19. 
Low onset potential values were observed with Pt-Sn, followed by Pt-Ru, Pt-Rh, Pt-W, Pt-
Mo, Pt-Os, Pt-Nb and Pt-Ir. 
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Figure 6.1: Cyclic Voltammogram of catalyst substrates on a gold disc in nitrogen 
purged 0.01 M H2S04 I 0.1 M Na2S04• Curves (a-e) represent the voltammogram of the 
respective catalyst systems (labeled in the figure). 
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value used to study feedback behavior) 
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Table 6.6: Rate constant k (cm s-1) at a potential of 0.05 V for various catalyst spots 
k 
Metals (cm s·1 ) 
(±0.05) 
Pt > 1 
Pt-Mo 0.98 
Pt-W 0.88 
Pt-Ru 0.76 
Pt-Rh 0.59 
Au 0.0001 
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Figure 6.7: SECM line scans over CO-adsorbed Pt-M (M= Ru, Mo, W and Rh) spots at 
a tip-substrate separation of 10 µm in CO purged O.OlM H2S04 I 0.1 M Na2S04 with the 
tip potential held at -1.0 V. The curves have been vertically offset for clarity. 
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Figure 6.8: Cyclic Voltammogram (CV) of pulse deposited platinum on a gold disc in 
a) (Solid line) - CV of pure platinum in nitrogen purged 5 mM H2S04 I 0.1 M 
b) (Dashed line)- CV of CO adsorbed platinum in nitrogen purged 5 mM H2S04 I 
0.1 M Na2S04 solution. CO was adsorbed by immersing the electrode in a CO 
saturated solution at 0.05V for 15 minutes. 
c) (Dotted line) ... CV of CO adsorbed platinum in CO saturated 5 mM H2S04 I 0.1 
M Na2S04 solution. CO was adsorbed by immersing the electrode in a CO 
saturated solution at 0.05 V for 15 minutes. 
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Figure 6.9: SECM tip-substrate voltammetry of CO adsorbed platinum in CO purged 
5 mM H2S04 I 0.1 M Na2S04. The tip-substrate separation was 10 µm, while the tip 
potential was held at -1.0 V. CO was adsorbed by immersing the electrode in a CO 
saturated solution at 0.05 V for 15 minutes. 
a) (Solid line) - Tip current 
b) (Dashed line) - Substrate current in the presence of the tip. 
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Figure 6.10: Cyclic Voltammogram of catalyst substrates on a gold disc electrode in 
CO purged 0.01MH2S04 I0.1 M Na2S04• CO was adsorbed by holding the potential at 
0.05 V for 60 minutes. Curves (a-h) represent the voltammogram of the respective 
catalyst systems (labeled in the figure). 
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Figure 6.11: SECM tip-substrate voltammetry in nitrogen purged 5 mM H2S04 I 0.1 M 
Na2S04 for catalyst spots obtained on sample set-I. The tip-substrate separation was 
lOµm, while the tip potential was held at -1.0 V. 
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Figure 6.12: SECM tip-substrate voltammetry in nitrogen purged 5 mM H2S04 I 0.1 M 
Na2S04 for catalyst spots obtained on sample set- II. The tip-substrate separation was 
10 µm, while the tip potential was held at -1.0 V. 
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Figure 6.13: A qualitative map of hydrogen oxidation activity with various catalyst 
formulations. 
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Figure 6.14: Tabulation of heterogeneous rate constant k0 for active catalyst spots. Rate 
constant values above 0.005 cm s-1 are shown in the bar graph. The values were 
obtained by fitting the experimental curves (Figures 6.11 and 6. 12) with the theoretical 
equations in Chapter 3. Other studied compositions such as ITO, Ru, Mo, Pd, W, Ru-
Pd, Mo-Pd, Pd-W, Sn-Ta, Sn-Ir, Sn-Nb, Nb, Ta and Sn showed negligible k 0• ( k 0 < 
0.005 cm s-1 ) 
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Figure 6.15: SECM tip-substrate voltammetry in CO purged 5 mM H2S04 I 0.1 M 
Na2S04 for catalyst spots obtained on sample set- I. The tip-substrate separation was 10 
µm, while the tip potential was held at -1.0 V. CO was adsorbed on the surface at 0.05 
V for one hour. The markers in each curve show the potential at which the rapid scan 
was performed. The markers are connected by a line for visual clarity. 
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Figure 6.16: SECM tip-substrate voltammetry in CO purged 5 mM H2S04 I 0.1 M 
Na2S04 for CO-adsorbed hydrogen reduced platinum on ITO. The tip-substrate 
separation was lOµm, while the tip potential was held at -1.0 V. 
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Figure 6.17: SECM tip-substrate voltammetry in CO purged 5 mM H2S04 I 0.1 M 
Na2S04 for catalyst spots obtained on sample set- II. The tip-substrate separation was 
10 µm, while the tip potential was held at -1.0 V. CO was adsorbed on the surface at 
0.05 V for one hour. The markers in each curve show the potential at which the rapid 
scan was performed. The markers are connected by a line for visual clarity. 
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Figure 6.18: SECM tip-substrate voltammetry in CO purged 5 mM H2S04 I 0.1 M 
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Na2S04 for catalyst spots obtained on sample set- I and II. The tip-substrate separation 
was 10 µm, while the tip potential was held at -1.0 V. CO was adsorbed on the surface 
at 0.05 V for one hour. The rapid scan measurements were performed at potential 
values denoted by markers in Figure 6.16. The markers have been removed in this 
figure for visual clarity. 
Table 6.19a: Summary of carbon monoxide onset potentials for catalyst synthesized 
through electrochemical methodology. 
Catalysts 
Pt 79.54 Ru20A6 
Pt s1.Jo Mo1 210 
Pt 98 11 W 0129 
Pt I 0.ll6 Rh89.94 
Pt with rrcw::i.vc 
Pt \>,.1tho ut pr~w:ivc 
CO oxid;:ition nnsct 
potential (m V) 
450 
750 
650 
500 
550 
800 
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Table 6.19b: Summary of carbon monoxide onset potentials for catalysts obtained by 
liquid dosing technique. 
Catalysts CO oxidation Onset 
(50-50) potential (mV) 
Pt-Rh 310 
Pt-Sn 340 
Pt-Ru 360 
Pt-W 410 
Pt-Mo 460 
Pt-Os 465 
Pt-Nb 500 
Pt-Ir 510 
Pt wilh prcwavc 550 
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Figure 6.20: Cyclic voltammetry of Pt-Pd substrate in CO purged 5 mM H2S04 I 0.1 M 
Na2S04• (Solid line)- CO adsorbed catalyst surface. (Dashed line)- Partially CO 
adsorbed catalyst surface. 
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Chapter 7 Conclusions and Recommendations 
A combinatorial procedure for accelerated discovery of H2 and H2/CO oxidation catalysts has 
been demonstrated and hydrogen oxidation kinetics has been examined for a large set of pure 
and binary catalysts in a CO and CO-free environment. 
Reaction studies involving hydrogen and CO oxidation are of fundamental scientific 
importance because of their relevance to fuel cell technology. The high cost of platinum 
combined with its poor tolerance to carbon monoxide has motivated our research efforts to 
discover poison-tolerant catalyst formulations with minimal platinum loading. The present 
work has evaluated the reactivity of a large set of pure and binary catalyst formulations for 
hydrogen oxidation and their tolerance to CO poisoning using combinatorial methodologies. 
Improved solution based library synthesis methods have been devised to generate 
spatially addressable multi-component arrays. The Liquid dosing technique enables creation 
of catalyst libraries with uniform binary compositions as opposed to electrochemical 
reduction, where binary compositions are rich in Pt content. 
SECM is shown as a high-throughput screening tool to rapidly extract kinetic 
information from the surfaces. 
A "Bi-functional mechanism" was used as a basis in the choice of catalyst 
formulations for our study. Metal elements studied in this work include, Pt, Ru, Rh, Mo, Ir, 
Nb, Ta, Pd, Sn, Os and W. Determination of intrinsic rate constant values for hydrogen 
oxidation followed by measurement of CO onset potential for various catalyst systems, 
enables us to choose an efficient catalytic material for a PEM fuel cell. In our measurements, 
Pt shows remarkable tolerance to CO, when present along with Sn, Ru and Rh as compared 
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to pure Pt. Additionally, Pt also has improved reactivity to hydrogen in a CO environment, 
when combined along with W, Mo, Os, Nb, and Ir. Pt50Ru50 has a lower onset potential for 
CO oxidation than Pt80Ru20 . In a CO free environment, pure metals of Pt, Rh, Os and Ir also 
show hydrogen oxidation activity. Apart from binaries of Pt, binaries oflr-Os, Rh-W, Rh-Pd, 
and Rh-Ru also show comparable hydrogen oxidation activity in a CO free environment. 
Future Directions 
Gradient Libraries 
In our work, an array of catalysts with a single binary composition of various metals has been 
studied for hydrogen oxidation reactivity. Recently a gel-transfer technique 1 has been used to 
construct a composition spread of binary elements, by creating a concentration gradient of 
precursor metal salts with in a polymer gel followed by electrochemical reduction. 
Promising metal elements that have low cost and show low tolerance to CO in our 
measurements such as Sn, Ir, Wand Mo can be constructed with Pt as gradients to obtain a 
highly dense composition spread. Such focused libraries can also be exhaustively created 
using a hydrogen reduction procedure as opposed to electrodeposition. SECM measurements 
would identify active zones within each of those libraries and enable us to pin-down an 
optimum catalyst formulation for each binary composition. 
In addition to binary mixtures, ternary and quaternary mixtures of Pt with other 
promising metallic additions can be obtained through the gradient technique and studied for 
hydrogen oxidation reactivity. Recently a dense composition of Pt-Ru-Mo and Pt-Ru-Mo 
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ternary system has been obtained through gradient methods2 . This can be extended to other 
promising additions to Pt obtained in our study. 
Alternative fuels 
Catalyst formulations that show enhanced activity with H2 / CO system can also be tested for 
oxidation of methanol, ethanol, and ethylene glycol. These liquid organic fuels also show 
promise as renewable fuels. Scanning Differential Mass Spectrometry (SDEMS)3 or optical 
screening tools4 can be used to determine the active catalyst zones with such fuels. 
Oxygen reduction reaction 
As reported in Chapter 1, overpotential losses at the cathode also contribute to decreased 
efficiency of a fuel cell. Platinum is one such active metal that catalyses oxygen reduction 
reaction (ORR) at the cathodic surface5. However, the ORR at the platinum surface is 
severely limited by the sluggish reaction kinetics of 0 2 leading to overpotential losses at the 
cathode. Addition of a second metal leading to an alloy, has also been a successful approach 
to enhance the rate of oxygen reduction at the platinum surface. Recently, Bard et-al6 has 
described the use of SECM in a Tip Generation-Substrate Collection (TG _SC) mode to map 
rate constants values of oxygen reduction reaction for platinum catalysts in acidic medium. 
Thus arrays I gradients of binary and ternary catalyst compositions can be obtained by our 
combinatorial procedures and examined for oxygen reduction reactivity using SECM. 
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